A specific ribonucleoside triphosphate reductase is induced in anaerobic Escherichia cofi. This enzyme, as isolated, lacks activity in the test tube and can be activated anaerobically with S-adenosylmethionine, NADPH, and two previously uncharacterized E. coli fractions. The gene for one of these, previously named dAl, was cloned and sequenced. We found an open reading frame coding for a polypeptide of 248 amino acid residues, with a molecular weight of 27,645 and with an N-terminal segment identical to that determined by direct Edman degradation. In a Kohara library, the gene hybridized between positions 3590 and 3600 on the physical map ofE. coli. The deduced amino acid sequence shows a high extent of sequence identity with that of various ferredoxin (flavodoxin) NADP+ reductases. We therefore conclude that dAl is identical with E. coli ferredoxin (flavodoxin) NADP+ reductase. Biochemical evidence from a bacterial strain, now constructed and overproducing dAl activity up to 100-fold, strongly supports this conclusion. The sequence of the gene shows an apparent overlap with the reported sequence of mvrA, previously suggested to be involved in the protection against superoxide (M. Morimyo, J. Bacteriol. 170:2136-2142, 1988). We suggest that a frameshift introduced during isolation or sequencing of mvrA caused an error in the determination of its sequence.
During anaerobic growth, Escherichia coli induces an enzyme that catalyzes the reduction of CTP to dCTP (7) (8) (9) 11) . The gene for this enzyme was recently cloned (28) and found to be distinct from nrdA and nrdB, which code for the aerobic ribonucleoside diphosphate reductase (29) . In the active state, both enzymes contain organic radicals as part of their protein structures and iron as a cofactor (19, 29) . In the aerobic enzyme, the radical is located on Tyr-122 (15) and the enzyme contains a diferric center with the iron ions linked by a ,u-oxo-bridge (29) . A glycyl residue was suggested to harbor the organic radical of the anaerobic reductase, whose iron center consists of an iron-sulfur cluster (19, 28) .
A difference between the two enzymes is that the aerobic reductase, as isolated, shows full activity and contains the radical in stable form, whereas the isolated anaerobic enzyme is inactive and lacks the radical. Instead, the enzyme activity and radical of the latter enzyme appear only after anaerobic incubation of the isolated protein with NADPH, S-adenosylmethionine, and two uncharacterized E. coli fractions, provisionally called dAl and RT (8) . We MATERLILS AND METHODS Materials. The bacteria used were C-la, a prototrophic E. coli C strain (25) , and the K-12 strain C-600 rK-mK' Fthi-1 thr-I leuB6 lacYl tonA21 supE44 (2, 23) . The plasmids used were pUC18 (21), pEE1010 (this paper), and pEE1011 (this paper). The synthetic oligonucleotides used were 5'-CGGAGAACGAAGATAAGGC (primer 1), 5'-ATCACCG TTTGATGCCGGCA (primer 2), 5'-CCTGGTCACCGTC CCCGATG (primer 3), 5'-GGCGTGCACCAGGACCAGAT (primer 4), and 5'-GCGGCAATCCACAGATGGTGC (primer 5) from Scandinavian Gene Synthesis AB (Koping, Sweden) and the forward and reverse primers of pUC18 from Promega (Madison, Wis.). Bacterial extracts and dAl protein at different stages of purity were prepared as described elsewhere (8) . The E. coli Gene Mapping Membrane was obtained from Takara Shuzo Co., Ltd. (Kyoto, Japan).
Biochemical and recombinant DNA procedures. Generally, standard techniques (24) were used. Unless stated otherwise, the enzymes were obtained from Promega and used as recommended by the manufacturer.
(i) Extraction of bacterial DNA. Bacterial DNA was extracted as described previously (16) .
(ii) Preparation of DNA fragments by polymerase chain reaction (PCR). Bacterial, phage, or plasmid DNA was amplified with a Perkin-Elmer Cetus Thermocycler (model PCR 1000). Each reaction mixture contained at least 20 pmol of the respective primer, 2 to 10 pg of DNA, 0.2 mM each deoxynucleoside triphosphate, 50 mM KCl, 4 mM MgCl2, 10 mM Tris-HCl (pH 9.0 at 250C), 0.1% Triton X-100, and 2.5 U of Taq DNA polymerase in a final volume of 100 jLl. The sample was subjected to 30 cycles of 1 min at 940C, 2 min at 420C, and 3 min at 720C. The amplified DNA was phenol treated once and precipitated with ethanol.
(iii) Cloning of PCR-amplified DNA. The PCR-amplified DNA was phosphorylated with T4 polynucleotide kinase. After heat inactivation of the kinase and ethanol precipitation, the DNA was ligated with plasmid pUC18, which had been cleaved with SmaI and treated with alkaline phosphatase. The ligated DNA was transformed into strain C-la, and ampicillin-resistant colonies were isolated. To isolate clones containing the amplified DNA fragments, the colonies were hybridized against 32P-labelled primer 1. Positive clones were isolated, and the plasmids contained were extracted and analyzed by restriction enzyme cleavages. Plasmid pEE1010 had the gene corresponding to the dAl gene under the control of the lac promoter, and plasmid pEE1011 had it integrated in the opposite orientation.
(iv) In vitro protein synthesis. An E. coli S30 coupled transcription-translation system lacking methionine (Promega) was used with 35S-labelled methionine (Amersham) as recommended by the manufacturer. The proteins, separated on a sodium dodecyl sulfate (SDS)-15% polyacrylamide gel, were analyzed by autoradiography of the dried gel.
(v) Enzyme assays. dAl activity was determined in the coupled anaerobic ribonucleotide reductase assay (11) , and ferredoxin NADP+ reductase activity was determined by the ferricyanide assay (26) .
(vi) DNA sequence analysis. Purified plasmids were sequenced with the Taq Dye Deoxy Terminator Cycle Sequencing Kit from Applied Biosystems and analyzed in a semiautomated Applied Biosystems DNA sequencer. The primers used were the forward or reverse primers of pUC18 and those indicated in Fig. 1 Expression of the cloned gene in vitro and in vivo. To test whether plasmid pEE1010 codes for a polypeptide of the size of the dAl protein, i.e., 29 kDa, the genes of the plasmid were expressed in vitro, by using a modified E. coli S30 coupled transcription-translation system (31) . The 35S-labelled proteins were analyzed by SDS-polyacrylamide gel electrophoresis. As can be seen in Fig. 2A (Fig. 2B) .
Cells containing plasmid pEE1010 overproduce dAl activity. In a comparison of the dAl activities of protein extracts prepared from bacteria containing plasmid pEE1010 or pUC18, the former contained up to 100 times more activity (data not shown). Extracts from bacteria grown to stationary phase contained more activity than extracts from dividing bacteria. A stationary-phase extract from 40 g of bacteria containing 1.5 g of protein yielded, after the Superdex-75 step (8) , 50 mg of dAl with an estimated protein purity of better than 90%. Extracts from bacteria with plasmid pEE1011 that contained the dAl gene oriented opposite the lac promoter showed only three times more activity than the pUC18 controls. As an increase in enzyme activity was obtained in extracts containing plasmid pEE1011, a weak promoter must be contained in the leader region of the dAl gene, in the vector, or in the junction created by the cloning.
DNA sequence of thegene corresponding to the dAl protein.
The DNA sequence of the inserted fragments of plasmid pEE1010 and pEE1011 was determined (Fig. 1) . We found several differences between our sequence and the published sequence of the mvrA gene and its downstream region (18) . The AG at nucleotides (nt) 323 to 324, the G at nt 327, the G at nt 363, and the C at nt 369 of our sequence are missing in the published mvrA gene sequence, and these inserted nucleotides lead to a fusion of the mvrA gene with the open reading frame noted above. Furthermore, the mvrA sequence contains a long duplication corresponding to nt 700 to 777 of our sequence, which we did not observe. Finally, the mvrA sequence has an extra T at our nt 784 and lacks our T at nt 842. Location of the gene corresponding to the dAl protein on the physical map of E. coli. Kohara et al. (14) have compiled a physical map of the E. coli genome by assembling a collection of specialized transducing X phages carrying identified, overlapping E. coli chromosomal fragments. To locate the gene corresponding to the dAl protein on the E. coli map, a membrane containing the whole collection of transducing X phages was hybridized against a 32P-labelled PCR fragment obtained by amplification of plasmid pEE1010, using the forward and reverse primers of pUC18. Four clones hybridized to the probe (Fig. 3A) . Clones 138 and 139 contain the lacZ gene, present in part on the PCR fragment.
The gene corresponding to the dAl protein is therefore present on the overlap between the two strongly hybridizing clones 539 and 540, between positions 3590 and 3600. The HindIII site at position 3592 (88.3 min) should correspond to the single HindIII site of the PCR fragment and thus indicates the exact location of the gene corresponding to dAl.
The mvrA gene was reported to be located at 6.9 min on the E. coli linkage map (17) . However, with the corresponding Kohara clones 129 to 132 and using primers 1 and 2, we failed to find the expected 878-nt fragment. Furthermore, a comparison of the reported restriction map of the mvrA gene (17) with this part of the Kohara map did not reveal similarities. Instead, the mvrA map fits reasonably well with the region around position 3588, just to the left of the location found by us for the gene corresponding to dAl (Fig. 3B) .
Comparison of the amino acid sequences of dAl and other proteins. A search in the SwissProt data base showed a high degree of identity between the sequence of dAl and those of the BenC protein of Acinetobacter calcoaceticus (26.9% identity in a 197-residue overlap) and the XylA protein of Pseudomonas putida (23.4% identity in a 184-residue overlap). Both of these related proteins are subunits of oxygenases with ferredoxin NADP+ reductase activity (20) . A comparison of the dAl sequence with that of spinach ferredoxin NADP+ reductase (13) is shown in Fig. 4 and gives 22.9% identity and 46% similarity over 243 amino acid residues.
Biochemical evidence for the identity of dAl with ferredoxin NADP+ reductase. From the sequence comparisons, it ap- peared likely that dAl is E. coli ferredoxin NADP+ reductase. The nucleotide sequence for the gene coding for the E. coli protein is not known, but the enzyme was described already in 1974 as the R component, a flavoprotein involved in the activation of cobalamin-dependent methionine synthase, purified to homogeneity and shown to have a molecular mass of 27 kDa with 1 mol of noncovalently bound flavin adenine dinucleotide (FAD) (10) . Later, the R component was shown to be identical with ferredoxin (flavodoxin) NADP+ reductase (4, 5) .
A preparation of dA1, after the phenyl-Sepharose step, with an estimated purity of 50% (as evaluated from an SDS-polyacrylamide gel) showed a high ferredoxin NADP+ reductase activity. Furthermore, in two experiments approx- imately the same 15-fold purification was obtained during this step, whether assays were based on dAl activity or on ferredoxin NADP+ reductase activity. An absorbance spectrum of dAl at neutral pH has peaks at 400 and 456 nm, with a shoulder at 480 nm (Fig. 5) , demonstrating that dAl is a flavoprotein. After heat denaturation of dA1, the flavin was identified as FAD by thin-layer chromatography.
The spectrum in Fig. 5 is identical to the spectrum published for the R component. The 400-nm peak is unusual for flavoproteins, which instead have an absorption maximum of around 380 nm. The unusual 400-nm peak thus constitutes further evidence for the identity of dAl with ferredoxin NADP+ reductase. Fig. 4 for the spinach enzyme, is considerable. Still more striking is the conservation of specific amino acid residues in enzymes belonging to the ferredoxin NADP+ reductase family (1) that, according to the X-ray structure of the spinach enzyme (12) , are involved in nucleotide binding. This applies to all residues binding FAD (for dA1, R-50, Y-52, S-53, G-73, and S-76) and the nicotinamide moiety of NADP (C-212 and Y-247) and some of those binding the 2-P-AMP part of the coenzyme (T-117, S-173, and R-174). These similarities strongly suggest that we have cloned and sequenced the gene coding for E. coli ferredoxin (flavodoxin) NADP+ reductase.
DISCUSSION
The biochemical evidence identifies the dAl protein with the R component which, together with the F component, was found to activate the cobalamin-dependent methionine synthase of E. coli (10) . The evidence includes the molecular mass of the protein, the presence of FAD, the atypical flavoprotein spectrum, and the enzyme activity. The R and F components were later shown to be identical with ferredoxin (flavodoxin) NADP+ reductase and flavodoxin, respectively (4, 5) .
What is the relation of ferredoxin NADP+ reductase to the previously reported protein MvrA (17)? The strain of E. coli deficient in MvrA was selected on the basis of its increased sensitivity to paraquat, and the MvrA protein was suggested to be involved in the protection of E. coli against damages caused by superoxide. In comparison to our sequence, the published mvrA sequence lacks 5 nt, a loss that could have arisen through frameshift mutations during the cloning of the gene or otherwise. This then resulted in a premature stop codon and in the assignment of an incorrect upstream start of the protein. However, it is more difficult to explain the reported location of the mvrA gene (6.9 min on the E. coli linkage map), which differs from the 88.3 min found by us.
The activation of the anaerobic ribonucleotide reductase involves the reduction of its iron-sulfur center and the generation of an organic protein-bound radical, probably a glycyl residue at the C-terminal end of the enzyme (28) . The reaction shows considerable similarity to the activation of pyruvate formate-lyase (30) , which involves ferredoxin (flavodoxin) NADP+ reductase, together with flavodoxin. It appears likely that the second component (fraction RT) required for the activation of the anaerobic reductase (8) will turn out to be related to or identical with flavodoxin.
